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ABSTRACT
The I n te rn a l  bremsstrahlung spec t ra  o f  the  a l low ed  beta  e m i t t e r  
P^2 and the f i r s t  fo rb idden  beta e m i t t e r  have been s tu d ie d  w i t h  a 
s c i n t i l l a t i o n  spect rometer  us ing  a c y l i n d r i c a l  3 Inch X 3 Inch 
N a l ( T l )  c r y s t a l .  The observed spec t ra  have been compared w i t h  the 
a v a i l a b l e  t h e o r e t i c a l  c a l c u la t i o n s .
In the case o f  P^2 I t  was found th a t  the e x pe r im e n ta l  spectrum 
does not  agree e x a c t l y  w i th  Knipp, Uhlenbeck and Bloch t h e o ry  f o r  
a l low ed  beta  t r a n s i t i o n s .  The d e v ia t io n s  are  no t  ve ry  la rg e  bu t  they 
are  s i g n i f i c a n t .  They cdn be exp la ined  ve ry  w e l l  w i t h  the  Coulomb 
c o r re c te d  theo ry  o f  Lewis and Ford. Hence, I t  i s  conc luded t h a t  f i r s t  
o rde r  Coulomb c o r r e c t i o n  Is s u f f i c i e n t  to  e x p l a i n  P^  (Z = 15) r e s u l t s  
and t h a t  the c o n t r i b u t i o n  f rom nuc lea r  r a d i a t i o n  a r i s i n g  f rom the 
de tou r  t r a n s i t i o n s  i s  n e g l i g i b l e .
The observed spectrum was found to  be in  c o n s id e ra b le  
disagreement w i t h  Chang and F a l k o f f  ex tens ion  o f  Knipp, Uhlenbeck and 
Bloch theo ry  f o r  f i r s t  fo rb idden  beta t r a n s i t i o n  w i t h  t e n s o r  i n t e r a c t i o n  
( A 1  = 2, yes ) .  The Coulomb c o r r e c t i o n  proposed by Lewis and Ford which 
was success fu l  in  the case o f  P^2 i s  not s u f f i c i e n t  t o  account  f o r  the 
d e v i a t i o n .  Lewis and Ford have c a lc u la te d  the photon c o n t r i b u t i o n  from 
de tou r  t r a n s i t i o n s  f o r  Y^O. These c a l c u l a t i o n s  e x p la i n  reasonab ly  the 
disagreement between theory  and experiment.  Wi t h o u t  i n v e s t i g a t i n g  
t h e o r e t i c a l l y  the a f f e c t  o f  v e c to r  and a x ia l  v e c t o r  i n t e r a c t i o n  on the
v i
spectrum in  fo rb id d e n  t r a n s i t i o n s ,  i t  is  d i f f i c u l t  to  draw any d e f i n i t e  
conc lus ions about the  c o n t r i b u t i o n  f rom de tou r  t r a n s i t i o n s ;  s ince  the 
recent  ev idence  seems t o  f a v o r  v e c t o r  and a x ia l  v e c to r  i n t e r a c t i o n s  f o r  
beta decay t h e o ry  r a t h e r  than the t e n s o r  i n t e r a c t i o n .
CHAPTER I 
INTRODUCTION
The presence o f  low I n t e n s i t y  cont inuous spectrum o f  V  r a d i a t i o n
accompanying beta  decay was f i r s t  no t iced  by Aston (Aston,  27) d u r in g
*  210a bs o rp t ion  measurements on the beta spectrum o f  Ra E, i . e .  Bi . The
t o t a l  energy ra d ia te d  was est imated to  be o f  the o rd e r  o f  10 kev per  
beta p a r t i c l e  which represents  about one per cent  o f  the energy 
re leased in th e  bet'a decay. Fu r the r  exper iments by Bramson (Bramson,
30) in d ic a te d  t h a t  the  i n t e n s i t y  o f  t h i s  r a d i a t i o n  is  about  0.016 
d e te c ta b le  photons pe r  beta p a r t i c l e .  La te r  exper iments  o f  Stahe l  and 
K ip f e r  (S tahe l ,  36) ,  v .  Droste (Droste ,  36) ,  and Gray and Hinds (Gray,
36) e s t a b l i s h e d  the presence o f  t h i s  r a d i a t i o n  c o n c l u s i v e l y .
A process f o r  the p roduc t ion  o f  t h i s  r a d i a t i o n  was suggested by 
Knipp and Uhlenbeck (Knipp, 36) and independent ly  by Bloch (B loch,  36) 
as a na tu ra l  consequence o f  Fermi 's  theory  o f  beta decay. They p o in te d  
out  t h a t  the c r e a t i o n  o f  the e le c t r o n  w i l l  r e s u l t  In r a d i a t i o n  
accord ing  to  w e l l - e s t a b l i s h e d  p r i n c i p l e s  o f  quantum e le c t ro d y n a m ic s .  
Knipp and Uhlenbeck suggested the term ' i n n e r 1 b remss t rah lung  (some­
t imes r e fe r r e d  to  in  l i t e r a t u r e  as in te rn a l  b remss t rah lung  and commonly 
abb rev ia ted  as IB) f o r  t h i s  r a d ia t i o n  to  d i s t i n g u i s h  i t  f rom ' e x t e r n a l '  
b remsstrah lung (EB) produced due t o  the d e c e le r a t io n  o f  the  beta  
p a r t i c l e  in the  Coulomb f i e l d  o f  o th e r  nuc le i  d u r in g  i t s  passage th rough 
m a t te r .
2Resul ts o f  exper iments  per fo rmed w i t h  ion  chambers and G-M coun te rs  
agreed g e n e ra l l y  w i th  t h e  p r e d i c t i o n s  o f  the above theo ry  bu t  due t o  
poor r e s o lu t i o n  and e f f i c i e n c y  were no t  ab le  t o  p r o v id e  a s a t i s f a c t o r y  
check. More d e t a i l e d  and a c c u r a te  measurements on the  s p e c t ra l  d i s t r i ­
b u t io n  o f  IB r a d ia t i o n  -became f e a s i b l e  w i t h  the  advent o f  s c i n t i l l a t i o n  
spect rometers .  The e a r l y  exper iments  us ing  t h i s  techn ique  were 
performed by Novey, (Novey, 51,  53) ,  Madansky and R a se t t i  (Madansky, 
51a),  Bo lg iano et .a j_.  (B o lg ia n o ,  53) and Boehm and Wu (Boehm, 5*0 •
They measured the IB s p e c t ra  o f  an(j  Ra £ below photon energ ies
o f  250 kev and found genera l  agreement w i th  the  the o ry  o f  Knipp, 
Uhlenbeck and Bloch ( o f t e n  quo ted  in  l i t e r a t u r e  as the  KUB theory )  f o r  
a l lowed beta t r a n s i t i o n  and i t s  ex te n s io n  by Chang and F a l k o f f  (Chang, 
4 9 ) ,  Madansky e_t.aj_. (Madansky, 51b) f o r  o th e r  t r a n s i t i o n .
Before the d i s c u s s io n  o f  rec e n t  exper imenta l  work a b r i e f  rev iew 
o f  t h e o r e t i c a l  c a l c u l a t i o n s  w i l l  be h e l p f u l .  Hence, a b r i e f  summary 
o f  the theory  f o l l o w s .
Knipp and Uhlenbeck (Kn ipp ,  36) have eva lua ted  the IB spectrum 
us ing  two d i f f e r e n t  methods.  The f i r s t  and s im p le r  method assumes t h a t  
the e le c t ro n  leaves th e  nuc leus w i t h  d e f i n i t e  energy We , the  p r o b a b i l i t y  
P(We ,0)dWe f o r  the em iss ion  o f  such an e l e c t r o n  is  ob ta ined  from the 
convent iona l  theory  o f  beta decay.  The c o n d i t i o n a l  p r o b a b i l i t y  per  u n i t  
t im e 0Q(We ,k )  t h a t  an e l e c t r o n  c rea ted  w i t h  energy We w i l l  r a d ia te  a 
photon of  energy k is  then o b ta in e d .  Under the assumption th a t  the two 
processes a re  independent they  w r i t e  f o r  the IB spect rum,
1+k
(1)
3where WD is  the end p o in t  o f  the beta spectrum.  Energies a re  expressed
the  number o f  photons per u n i t  t im e pe r  u n i t  energy i n t e r n a l .  0o (We ,k )  
i s  c a l c u l a t e d  under Born app ro x im a t ion  i n  which &*Z/p  i s  smal l  com­
pared t o  u n i t y .  o (  is  the  f i n e  s t r u c t u r e  cons tan t ,  Z the nuc lea r  
charge and p i s  the  momentum o f  the  e l e c t r o n  in  u n i t s  o f  me in  i t s  
f i n a l  s t a t e .  Hence, the r e s u l t s  w i l l  be good on ly  f o r  l i g h t  n u c l e i .  
S u b s c r i p t  o is  added to  0 t o  emphasize t h a t  the f i n a l  s ta te s  o f  the 
e l e c t r o n  are  represen ted  by p lane waves which is  e q u iv a le n t  t o  the 
assumpt ion t h a t  the nuc lea r  charge is  z e ro .
In the second method, which i s  e s s e n t i a l l y  the same as the one 
used by Bloch, the  IB spectrum S(k)  Is ob ta ined  by a second o rde r  
p e r t u r b a t i o n  c a l c u l a t i o n  co r respond ing  t o  the two steps 
n — p + V  + e*  — ■+ p + V  + e + If (k)
The f i r s t  s tep r e s u l t s  f rom the nucleon coup l ing  w i t h  the  
e i e c t r o n - n e u t r l n o  f i e l d  and the  second from the co u p l in g  o f  the  e l e c t r o n  
w i t h  the  e le c t r o m a g n e t i c  f i e l d .  The c a l c u l a t i o n s  are  done under the  
same app ro x im a t ion  as the f i r s t  method. The f i n a l  r e s u l t s  ob ta ined  
from both  methods f o r  v e c t o r  i n t e r a c t i o n  and a l lowed beta t r a n s i t i o n s  
a re  i d e n t i c a l .  Chang and F a l k o f f  (Chang, kS) have shown t h a t  the two 
methods g iv e  the same r e s u l t  even i f  the v e c to r  i n t e r a c t i o n  i s  
rep laced  by s c a la r  i n t e r a c t i o n .  The a n a l y t i c a l  express ion  f o r  S(k) 
in  t h e i r  n o t a t i o n  i s  as f o l l o w s :
in  u n i t s  o f  mc^, the  re s t  energy o f  the e l e c t r o n .  S(k) is  de f ined  as
kwhere x = WQ - k.
Morr ison and S c h i f f  (Mor r ison ,  kO) argue t h a t  the agreement 
between the r e s u l t s  o f  th e  c a l c u l a t i o n s  us ing  the  two methods i s  to  be 
expected in a l lowed  beta t r a n s i t i o n  f o r  any i n t e r a c t i o n ,  s p e c i f i c a l l y  
v e c to r  and perhaps a x ia l  v e c to r ,  the  two i n t e r a c t i o n  now accepted 
( A l l e n ,  59) .  The two methods w i l l  not  g i v e  the  same r e s u l t  f o r  
fo rb idden  t r a n s i t i o n s  where the e l e c t r o n - n e u t r i n o  co u p l in g  depends 
e x p l i c i t l y  on t h e i r  momenta. In f o rb id d e n  beta  t r a n s i t i o n s  o n ly  the 
second o rde r  p e r t u r b a t i o n  method w i l l  be v a l i d .
Using the second o r d e r  p e r t u r b a t i o n  method Chang and F a l k o f f  
(Chang, k$) have extended the c a l c u l a t i o n s  t o  in c lud e  f i r s t  f o rb id d e n  
beta t r a n s i t i o n ,  sca la r  i n t e r a c t i o n ;  and second fo rb idd en  beta 
t r a n s i t i o n  w i t h  s c a la r  i n t e r a c t i o n .  F u r th e r  ex tens ions  t o  in c lude  
f i r s t  fo rb idd en  beta t r a n s i t i o n ,  t e n s o r  i n t e r a c t i o n  (known as unique 
fo rb idd en  beta t r a n s i t i o n )  have been made by Madansky e t . a l .
(Madansky, 51b).  As t h i s  exp ress ion  w i l l  be used l a t e r  i t  i s  quoted 
below using the standard n o t a t i o n .
s(k)' ^  0*3 + x) + w°3 H -2x2 + i)
+ W° 2 ( ^  + ?X3 . 3 X )  + W°  n x 6 . ^ . 5 x 2 _ L 2 )
+ ( t ! x7 + i!x5 + i2X) ]  ln(x + (x2 ■ ] ) i )  - fo 1* ( V x2 + !j)
*  «o3 ( -  F  + Vc2 + ^ x 2 + j  + WD f & x 5
.  U 2 J X3 -  iazx V + ( i2 2 § x 6 .  .  769 u 7733 2 
I 800x  900x ;  I 1225 22,050 W ,  100
+ l i f e ) ]  (x2 '  '>* j  • <3)
4
5As ment ioned p r e v i o u s l y  in  these c a l c u l a t i o n s  the e f f e c t  o f  
n uc lea r  charge ( I . e .  the Coulomb e f f e c t )  has been e n t i r e l y  neg lec ted .
A s im p le  approx imate  c o r r e c t i o n  f o r  t h i s  has been suggested by N i lsson  
(N i l sson ,  56) f o r  a l low ed  t r a n s i t i o n s .  Accord ing t o  t h i s  suggest ion  
P(We ,0 )  in  exp ress ion  (1) should  be rep laced by Coulomb c o r re c te d  beta 
spectrum P(We ,Z) and 0o (We ,k )  by
0z (Ve , k )  = 0-o (We , k )  F(Z,W)/F(Z,We) 
where F(Z,W) Is the Fermi f u n c t i o n  descr ibed  in  any s tandard a r t i c l e  on 
beta decay f o r  Ins tance(Rose ,55)•
A more se r iou s  a t tem p t  a t  Coulomb c o r r e c t i o n  has been made by 
Lewis and Ford (Lewis,  57 ) .  They o b ta in  the Coulomb c o r r e c t i o n  t o  the 
IB spectrum by a f i r s t  o rd e r  p e r t u r b a t i o n  method, the p e r t u r b a t i o n  be ing 
the Coulomb f i e l d  o f  the  nuc leus .  For a l lowed and unique f i r s t  
fo rb id d e n  beta  t r a n s i t i o n  the r e s u l t s  d i f f e r  from t h a t  o f  KUB on ly  by 
the appearance o f  an e x t r a  f a c t o r  (1 + if«<ZW/ p ) .  This  f a c t o r  is  the 
f i r s t  o rd e r  term in  the expansion o f  the Fermi f u n c t i o n .  Under the same 
app rox im a t ion  (c(ZW/p < < 1 )  t h i s  r e s u l t  can be ob ta ined  from N i l s s o n 's  
sugges t ion .  The i n t e g r a l  f o r  S(k) in the case o f  a l lowed t r a n s i t i o n  
becomes
f W0- k  /
s ( k )  = k t  i ^ l GA l 2  x jj dw<»0 -  k  -  W ) 2 ( 1  +  J
X {  (W2 + We2) log(W + p) -  2pWe }  (!,)
and in  the case o f  unique f i r s t  fo rb id d e n  t r a n s i t i o n s  ( tenso r  
i n t e r a c t i o n )  i t  is
6X { [ (W2 + We2 ) (V e2 + q2 -  1) + 2kVe ]  X log (V + p)
- 2 p [ u e (ve2 + q2 -  1) + k (V2 -  wwe + Vle2) ]  j  ( ]  +
...........................(5)
The n o t a t i o n  is  the same as the one used by Lewis and Ford.  A n a l y t i c a l  
express ions  f o r  i n t e g r a l s  invo lved  In (k) and (5) a re  a v a i l a b l e  in 
(Lewis,  57 ) .  Recent measurements ( A l l e n ,  59) on e l e c t r o n - n e u t r i n o  
ang u la r  c o r r e l a t i o n  in beta decay i n d i c a t e  t h a t  the beta I n t e r a c t i o n  
is  v e c t o r  (V) and a x ia l  v e c to r  (A).  However, no c a l c u l a t i o n s  on IB 
spectrum are  a v a i l a b l e  f o r  f o rb id d e n  beta decays w i t h  V o r  A i n t e r a c t i o n .
Recent ly  Spruch and Gold have i n v e s t i g a t e d  the Coulomb e f f e c t  f o r  
a l lowed beta t r a n s i t i o n s  in  a n o n - r e l a t i v i s t i c  app rox im a t ion  and 
o b ta in  an express ion  f o r  S (k ) .  In these c a l c u l a t i o n s ,  f o r  the f i n a l  
s t a te ,  they use approx imate  wave fu n c t io n s  g iven by Bethe and Maximon 
(Bethe, 5*0-  T h e i r  conc lus ion  i s  t h a t  the exp ress ion  f o r  S(k) a r r i v e d  
a t  by these c a l c u l a t i o n s  i s  not  n e c e s s a r i l y  an improvement over  t h a t  
o f  Lewis and Ford,  f o r  the inc rease  in  accuracy  ob ta ined  by the more
complete t rea tm en t  o f  the Coulomb f i e l d  i s  coun te r  balanced by the.
e r r o r  in t roduced  due to  n o n - r e l a t i v i s t i c  t r e a tm e n t .  They p o in t  ou t  
t h a t  perhaps f o r  which has a reasonab ly  low Z (= l6 )  and 167 kev 
maximum energy beta rays t h e i r  c a l c u l a t i o n  w i l l  be expected t o  be 
b e t t e r  than t h a t  o f  Lewis and Ford.
Another  source o f  c o n t r i b u t i o n  t o  the Jf r a d i a t i o n  which has 
been discussed in l i t e r a t u r e  is  the so c a l l e d  Horow itz  e f f e c t .
Longmire (Longmire,  ^9) and Harow i tz  (Horow i tz ,  52) suggest an 
a l t e r n a t i v e  mechanism f o r  the JT r a d i a t i o n  known as de tou r  t r a n s i t i o n s .
The usual process Is the one in  which the  pa ren t  nucleus undergoes a
beta t r a n s i t i o n  p roduc ing  the  daughter  nucleus in  i t s  ground s t a te .
The e l e c t r o n  reaches i t s  f i n a l  s t a te  by e m i t t i n g  a photon.  This process
can be rep resen ted  by the f o l l o w i n g  e x p ress ion .
_NA — > NA + t /  + e *  — >  ,NA + v  + e + V  (6)L Z+1 I
In the d e to u r  t r a n s i t i o n  the nucleus f i r s t  em its  a photon going t o  a 
v i r t u a l  e x c i t e d  s t a t e  then beta  decays o r  v i c e  ve rsa .  We w i l l  
rep resen t  these t r a n s i t i o n s  by the exp ress ion  g iven  below.
A ZnA*  + r  a
N «— ■ *  _ , N a + ts + e + V  (7)
1 " » z + ] NA*  + e + t ^ Z+1
In general the r a d i a t i o n  a r i s i n g  from t h i s  n uc lea r  e f f e c t  w i l l  be 
we^ak compared to  the  IB r a d i a t i o n  due t o  the smal l  nu c le a r  d ip o le  
moment. T h is  n u c le a r  e f f e c t  cou ld  c e r t a i n l y  be p resen t  bu t  a t  l e a s t  
in  a l lowed beta  decay i t s  c o n t r i b u t i o n  Is expected t o  be n e g l i g i b l e .  
For f o rb id d e n  t r a n s i t i o n s  unpub l ished c a l c u l a t i o n  o f  Lewis and Ford* 
in d ic a te  t h a t  the c o n t r i b u t i o n  i s  s i g n i f i c a n t .  The argument which we 
have developed f o r  the two cases, P ^  and in  which we are
in te r e s t e d  i s  as f o l l o w s .
The beta  decay o f  P^  i s  c l a s s i f i e d  as an a l lowed  % fo rb idden  
t r a n s i t i o n  (Nordheim, 51 ) .  The ground s ta te s  o f  P^2 and have 
sp in  1, even p a r i t y  and sp in  0, even p a r i t y  r e s p e c t i v e l y .  Assuming 
t h a t  the s e l e c t i o n  ru le s  f o r  v i r t u a l  t r a n s i t i o n s  are  the same as real  
t r a n s i t i o n ,  o n l y  the  in te rm e d ia te  s t a te s  in which the beta  t r a n s i t i o n
^ P r i v a te  communicat ion (1956).
8is  a l lowed  and the  Y r a d i a t i o n  is  e l e c t r i ' c  d i p o l e  w i l l  make a 
s i g n i f i c a n t  c o n t r i b u t i o n  i n  the de tou r  p rocess.  Express ion  (7) f o r  
p32 w i 11 become
s32* + e + v
/?3 »  s32 + e + V  + r
( l , + ) ^ f c  P32* + r  ^ ( 0 , + )
(0 ,-)
I f  the upper path  Is  fo l l o w e d ,  f o r  the Y  r a d i a t i o n  t o  be e l e c t r i c
d i p o l e  we need an in te r m e d ia te  s t a t e  o f  s p in  1 and odd p a r i t y .
Such a s t a te  f rom P^2 can be reached o n l y  by a f i r s t  fo rb id d e n  (Zk l  = 0,
yes) beta  t r a n s i t i o n .  I f  the lower pa th  is  f o l l o w e d  f o r  the  Y
r a d i a t i o n  t o  be e l e c t r i c  d i p o l e  we need an in te rm e d ia te  s t a t e  p32* Qf
odd p a r i t y  wh ich w i l l  aga in  make the beta  t r a n s i t i o n  f rom p32* to
f i r s t  f o rb id d e n .  Hence, we conclude t h a t  in  P^2 the nu c le a r  r a d i a t i o n
w i l l  compete o n l y  v e ry  weak ly  w i t h  the a l lowed beta  t r a n s i t i o n .
The decay o f  Y9^ i s  c o m p a ra t iv e l y  more fa v o r a b le  f o r  nuc lea r
r a d i a t i o n  in  the  de tou r  p rocess .  I n te rm e d ia te  s t a te s  Y90*  and
are  a v a i l a b l e  f o r  a l low ed  beta t r a n s i t i o n  and e l e c t r i c  d i p o l e
r a d i a t i o n  as i s  c l e a r  f rom the f o l l o w i n g  diagram
— Z r9®* + e + ■S'L 
y9°  ( i , - )  ^ ^ Z r 90 + e + v  + r
( 2 ’ " ) V s *  go*  (0 ,+ )^  y90 + y
0 .+)
As has been im p l ie d  by Lee and Yang (Lee, 56) n o n -c o ns e rv a t ion  o f  
p a r i t y  in  weak i n t e r a c t i o n  does not  a f f e c t  the IB spect rum.  P y t te  
( P y t te ,  57) has c a l c u la te d  the p o l a r i z a t i o n  o f  IB as a consequence o f  
n o n -co nse rva t ion  o f  p a r i t y .  In t h i s  paper he has demonst ra ted,  us ing  
a s c a l a r - t e n s o r  m ix tu re ,  t h a t  the r e s u l t s  ob ta ined  w i t h  the two 
component n e u t r i n o  theo ry  a re  the same as KUB r e s u l t s .  A s i m i l a r  
c o n c lu s io n  has been reached by Ford (Ford,  57a) .
9Recent ly  Goodrich and Payne (Goodr ich,  5^0 (This  paper w i l l  be 
r e fe r r e d  to  as GP In f u t u r e )  have extended the  measurements on the 
energy d i s t r i b u t i o n  o f  IB f rom P ^  up t o  900 kev. They found t h a t  the 
shape o f  the  exper imenta l  spectrum th roughout  the measured reg ion  
agreed we l l  w i t h  the computed spectrum from KUB theo ry  f o r  an a l lowed 
beta  t r a n s i t i o n  and d isagreed s l i g h t l y  but  s i g n i f i c a n t l y  w i t h  t h a t  o f  
fo rb id d e n  t r a n s i t i o n .  Subsequent ly repo r ted  work o f  U.den and 
S t a r f e l t  ( .L l d e n ,  56) on the IB spectrum o f  p32 in  t h i s  energy range 
does not  agree w i th  these r e s u l t s .  They f i n d  t h a t  the measured 
spectrum Is less  steep than the KUB spectrum. I f  these s p e c t r a ,  
a re  normal ized, a t  the low energy end then the exper imenta l  p o in t s  
l i e  above the theory  a t  h igh ene rg ies .  The d e v l a t l o n .1ncreases w i t h  
energy and Is  about 70% a t  1 Mev. L a n g e v in - J o l i o t  ( L a n g e v In -J o l1o t ,
56) has repo r ted  measurements on P^2 which d lsag ree  w i th  bo th  those 
o f  GP and o f  Llden and S t a r f e l t .  Accord ing  to  these measurements 
the number o f  photon observed a t  153 kev i s  150% In excess o f  the 
the o ry  w h i l e  a t  1000 kev the excess is  85%, i n d i c a t i n g  t h a t  the 
spectrum f a l l s  o f f  much more r a p id l y  than the KUB spectrum. The 
p resen t  I n v e s t i g a t i o n  was undertaken p r i m a r i l y  t o  c l a r i f y  the Incon- 
s i s t a n c y  in  the  above measurements. In v iew o f  the general  agreement 
a t  low energy o f  the exper imenta l  spec t ra  in  s t re n g th  and i n  shape w i t h  
the KUB the o ry  i t  was cons idered d e s i r a b le  t o  des ign the exper iment  
p r i m a r i l y  t o  check the shape o f  the spectrum. Th is  can be done more 
e f f i c i e n t l y  and p r e c i s e l y  i f  the spec t ra  t o  be compared a re  normal ized 
a t  the  low energy end where the agreement is  e s ta b l i s h e d .  Th is  
e l im in a te s  the  u n c e r t a i n t y  in  the d e te rm in a t io n  o f  the a b s o lu te  beta 
s t r e n g th  o f  the source,  and a knowledge o f  the p r e c is e  va lue  o f  the
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c o u p l in g  c ons tan t  G becomes unnecessary.  To o b ta in  a reasonable
» *
c oun t ing  r a t e  towards the end p o i n t  r a th e r  s t ron g  sources were used 
making a good d e te rm in a t io n  o f  the s t r e n g th  o f  the beta source f a i r l y  
d i f f i c u l t .  The geom e tr ica l  arrangement f o r  the exper iment  has been 
somewhat Improved and a la rge  c r y s t a l  was u t i l i z e d  enhancing the 
accuracy  and r e l i a b i l i t y  o f  the r e s u l t s  by in c re a s in g  the f r a c t i o n  o f  
the photons t o t a l l y  absorbed in  the c r y s t a l .  I t  was a l s o  cons idered 
d e s i r a b le  t o  de termine the spe c t ra l  shape o f  IB ' s ,  cove r ing  energ ies  
c lo s e  to  the  end p o i n t  f rom a f i r s t  fo rb id d e n  beta e m i t t e r .  Y^° was 
se le c te d  f o r  t h i s  purpose because i t  has a h igh  end p o in t  (2.26 Mev), 
s h o r t  l i f e  (65 hours)  and is  a pure beta  e m i t t e r .  I t  i s  c lassed as a 
unique f i r s t  f o rb id d e n  t r a n s i t i o n  ( spec ia l  case o f  s e l e c t i o n  r u le  
A l  = 2, y e s ) .  Very p re c is e  measurements on the beta spectrum o f  
by Johnson _et.aJL (Johnson, 55) have conf i rmed t h a t  between 
.5 Mev and the end p o in t  a t  2 .26 Mev no o th e r  group o f  beta rays are 
p re s e n t .  The r e s u l t s  o f  t h i s  exper iment  as w e l l  as the p r e v io u s l y  
repo r ted  measurements c o n f i rm  the absence o f  )f rays o th e r  than the 
I B ' s .  The I n te r n a l  convers ion  l i n e  and the p o s i t i o n s  a r i s i n g  f rom the 
1.75 Mev t r a n s i t i o n  o f  Z r^ °  a re  much too weak t o  a f f e c t  our 
measurements.
CHAPTER I I
EXPERIMENTAL ARRANGEMENT SOURCES AND CORRECTIONS 
The spectrum was determined w i t h  a s i n g l e  channel Jorden and B e l l  
type s c i n t i l l a t i o n  spec t rometer  us ing  a 3 I n .  long by 3 In .  d iamete r  
c y l i n d r i c a l  Na I (T:l) c r y s t a l  mounted d i r e c t l y  on a DuMont 6363 
p h o t o m u l t i p l i e r .  The siource and d e te c to r  geometry I n d ic a te d  in  
F igure  1 is  b a s i c a l l y  the same as the one desc r ibed  in  (GP). Due t o  
the r e l a t i v e l y  low i n t e n s i t y  o f  the IB, necessary  p re c a u t io n s  were 
taken t o  m in im ize  the p ro d u c t io n  o f  EB in  the source and the sur round­
ing m a te r i a l  and the d e te c to r  adequate ly  s h ie ld e d  to  s top any 
s c a t te re d  e le c t r o n s  and photons from s t r i k i n g  the  c r y s t a l .  For a g iven 
source t o  c r y s t a l  d i s ta n c e  the t o t a l  c o n t r i b u t i o n  f rom the EB produced 
in  the beta  s topper  depends on i t s  a tom ic  number and i t s  l o c a t i o n .  As 
the e l e c t r o n s  are  be ing stopped com p le te ly  in a low Z abso rbe r ,  the 
EB's produced w i l l  be a lmost  i s o t r o p i c  i n  the s o l i d  ang le  subtended by 
the beta  s topper  a t  the c r y s t a l ,  under t h i s  assumption i t  can be shown 
t h a t ,  f o r  a l u c i t e  be ta  s topper  and a source o f  5 mm d iame te r  loca ted  
30 cm above the c r y s t a l ,  the c o n t r i b u t i o n  t o  the c o u n t in g  r a te  f rom EB 
is  minimum when the s topper  i s  p laced 25 cm above the c r y s t a l ,  and t h a t  
t h i s  minimum va lue  i s  about  2% o f  the IB de tec ted .  The expe r imen ta l  
arrangement was se t  up acco rd ing  t o  the above c a l c u l a t i o n s .  The source 
and d e t e c t o r  were i s o la t e d  from any s t r u c t u r e  t o  a minimum d is ta n c e  o f  
1.5 meter t o  reduce the EB c o n t r i b u t i o n  f rom the s u r ro und ings .  With
F ig u re  1
Scheme o f  the expe r im en ta l  arrangement 
f o r  the measurement o f  IB.
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t h i s  ar rangement the  EB c o n t r i b u t i o n  to  the recorded spectrum Is 
p r i n c i p a l l y  f rom betas stopped In the l u c i t e  absorber  above the  c o l l i ­
mator h o le  and from r e l a t i v e l y  few betas stopped In  the source  
m a te r i a l  and source back ing .  To get  an es t im a te  o f  the EB c o n t r i b u t i o n  
from the beta s to p p e r ,  the spectrum was recorded us ing  beta s toppers  
o f  t i n ,  copper ,  aluminum and l u c i t e .  E x t r a p o la t i o n  o f  the observed 
d i s t r i b u t i o n  to  Z °  0 e l im in a te s  the EB c o n t r i b u t i o n  from th e  beta 
s toppe r  (Goodr ich,  53, 5*0- Comparison o f  the In te g ra te d  coun ts  in  
the d i s t r i b u t i o n  f o r  zero Z and' l u c i t e  beta s toppers i n d ic a te s  t h a t  
the EB c o n t r i b u t i o n  f rom the l a t t e r  Is about  3% o f  the recorded 
spect rum. Th is  i s  i n  reasonable agreement w i th  the es t im a ted  v a lue  o f  
2% from the geometry o f  the exper imenta l  arrangement ment ioned 
p r e v i o u s l y .  The exper imenta l  va lues  o f  the  EB c o n t r i b u t i o n  a t  v a r i o u s  
ene rg ies  were used t o  c o r r e c t  the observed coun t ing  ra te s .
To check the p ro d u c t io n  o f  EB in  the source m a te r i a l  and i t s
O
back ing p l a s t i c  f i l m  o f  su r face  d e n s i t y  2 mg/cm was placed Immed ia te ly  
above the source and a t tempts  were made t o  de tec t  an inc rease  in  the  
c oun t ing  r a te .  Th is  check was made a t  severa l  ene rg ies .  In  ano the r  
t e s t  the source was tu rned ups ide down so t 'hat the backing  was above 
the source and measurements repeated. I f  the EB1s a re  e m i t te d  w i t h  
a p p re c ia b le  p re fe re n c e  in the forward d i r e c t i o n  t h i s  w i l l  reduce the 
coun t ing  r a te .  Both these t e s t s  Ind ic a te d  th a t  the change i n  c o u n t in g  
ra te  was not  d e te c ta b le ,  hence, i t  was concluded t h a t  the EB c o n t r i ­
b u t io n  f rom the source i t s e l f  was n e g l i g i b l e .
The l i n e a r i t y  and long term s t a b i l i t y  o f  the a m p l i f i e r  and 
a n a ly z e r  were examined c a r e f u l l y  us ing  a p r e c is i o n  p u l s e r  and found t o
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be s a t i s f a c t o r y .  The spect romete r  was c a l i b r a t e d  u s in g  the monoenerget ic  
V*-rays from C r ^  (323 kev ) ,  C s ^ 7  (661 kev) ,  N b ^  (764 kev) ,  Na22 
(511, 1277kev) and Zn65 (1114 kev ) ;  and a c a r e f u l  check was m a in ta in e d
on the energy c a l i b r a t i o n .
79
The sources were prepared from s o lu t i o n s  o b ta in e d  from Oak 
Ridge N a t iona l  L a b o r a to r i e s .  They were rece ived  asH ^PO ^  in  HC1 s o lu ­
t i o n .  The upper l i m i t  t o  the t o t a l  s o l i d s  as quoted by  the above 
l a b o r a to r y  was 1 mg/mc. But we found t h a t  the amount o f  s o l i d  dep o s i t s  
l e f t  by these s o lu t i o n s  a f t e r  evap o ra t ion  was much s m a l l e r  than the 
above l i m i t ,  in  our exper iments P^  o f  two d i f f e r e n t  s p e c i f i c  
a c t i v i t i e s ,  c a r r i e r - f r e e  and .025 mg/mc was used. Y^O sources were 
prepared from c a r r i e r - f r e e  m a te r ia l  supp l ied  by Abbot L a b o r a to r i e s  as 
YC1^  s o l u t i o n .
Sources were prepared by evap o ra t ing  these s o l u t i o n s  s lo w ly  on a
t h i n  p l a s t i c  f i l m  o f  one mg/cm d e n s i t y  mounted on a l u c i t e  r i n g  o f
10.0 cm o u ts id e  d iamete r  and 9-5 cm in s id e  d iamete r  and o f  n e g l i g i b l e  
t h ic k n e s s .  Care was exe rc ised  to  o b ta in  a un i fo rm  spread and the  
e x te n t  o f  the source was s t r i c t l y  l i m i t e d  t o  a c i r c u l a r  area o f  5 mm 
d iamete r  w i th  the help o f  a small l u c i t e  r i n g .  The d a ta  r e p o r te d  here 
has been ob ta ined  from th re e  d i f f e r e n t  sources f o r  each i s o to p e .  The 
approximate beta s t re n g th  o f  these sources is  as f o l l o w s :
P^2 Source A 2.1 mC
Source A1 3 .9  mC 
Source B 6 .2  mC
Y90 Source 1 2.3  mC
Source 2 4 . 6  mC 
Source 3 7 .2  mC
To examine the p u r i t y  o f  P ^  and Y^° small sources were prepared 
on LC600 f i lm s  (10Cy*g/cm f o r  the examinat ion  o f  the be ta  spectrum w i t h
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the  help o f  an an th racene  c r y s t a l  and a double foc us s in g  magnet ic 
s p e c t r o m e te r J  No beta  a c t i v e  I m p u r i t y  was d e te c te d .  In these t e s t s  
no convers ion e l e c t r o n s  were observed I n d i c a t i n g  the absence o f  mono- 
e n e rg e t i c  i f - r a y s .  The smoothness o f  the IB spectrum i t s e l f  i s  a good 
check f o r  the absence o f  any monoenerget ic  J f - ra y s .  As a f u r t h e r  check 
on p u r i t y ,  the  sources were l e f t  f o r  severa l  h a l f - l i v e s  and t h e i r  beta 
and gamma a c t i v i t y  re-examined. In the sources c a r e f u l  checks o f  
t h i s  type extended ove r  a p e r io d  o f  17 h a l f - l i v e s  in d ic a te d  t h a t  SrJ 
con tam ina t ion  i f  p resen t  i s  less than 1 p a r t  in  10^.
Background was recorded be fo re  and a f t e r  each run and sub t rac te d  
from the observed d i s t r i b u t i o n .  Data were a l s o  c o r re c te d  f o r  decay 
d u r in g  the t ime measurements were per fo rmed.  Th is  c o r r e c t i o n  was1 
s i g n i f i c a n t  o n l y  in the case o f  Y^® due t o  i t s  r e l a t i v e l y  s h o r t  l i f e  
and was e n t i r e l y  n e g l i g i b l e  f o r  p32. S u f f i c i e n t  number o f  counts were 
recorded t o  ensure  a minimum c o u n t in g  s t a t i s t i c s  o f  1.6% even a t  the 
h ig h  energy end o f  the spectrum. By repe a t in g  the measurements severa l  
t imes and employ ing c r y s t a l s  o f  two d i f f e r e n t  s izes  (1£ inch d iamete r,
1 inch long, and 3 inch d iam e te r ,  3 inch long) the r e p r o d u c i b i l i t y  and 
in t e r n a l  c o n s is te n c y  o f  the data were checked. The observed d i s t r i b u ­
t i o n  was c o r re c te d  f o r  a b s o rp t i o n  i n  the l u c i t e  beta s topper  and the 
0.13 mm A1 f o i l  c o v e r in g  the  c r y s t a l .
^The a s s i s ta n c e  g iven  by Dr .  Leon S. August in  t h i s  exper iment  
i s  g r a t e f u l l y  acknowledged.
CHAPTER I I I  
METHOD OF COMPARISON WITH THEORY 
The s c i n t i l l a t i o n  spec t rometer  enables one t o  de termine the p u ls e  
h e ig h t  d i s t r i b u t i o n .  In o rd e r  t o  make a comparison w i t h  theo ry  I t  is  
necessary e i t h e r  t o  conve r t  the  t h e o r e t i c a l  photon d i s t r i b u t i o n  i n t o  
pu lse  h e ig h t  d i s t r i b u t i o n  f o r  a g iven  c r y s t a l  and geometry o r  d e r i v e  
the photon d i s t r i b u t i o n  from the observed pu lse  h e ig h t  d i s t r i b u t i o n .
In the fo rmer  method the d i s t r i b u t i o n  is  known th roughout  the energy  
range and an e x t r a p o l a t i o n  is  not necessary.  I f  the  c a l c u la te d  p u ls e  
h e ig h t  d i s t r i b u t i o n  de r ived  from a p a r t i ^ l a T  photohr spectrum i s  found 
t o  agree w i t h  the  obse rva t ions  one immedia te ly  knows the photon 
d i s t r i b u t i o n  de tec ted  in  the exper iment.  However, i f  the c a l c u l a t e d  
and observed pu lse  h e ig h t  d i s t r i b u t i o n s  do not agree the observed 
photon d i s t r i b u t i o n s  can be d e r ive d  on ly  f rom the percentage d i f ­
fe rences  and f r e q u e n t l y  t h i s  is  no t  ve ry  s a t i s f a c t o r y .  In a d d i t i o n  a 
comparison between the r e s u l t s  o f  d i f f e r e n t  exper iments can be e a s i l y  
made i f  the observed pu lse  h e ig h t  d i s t r i b u t i o n  is  conver ted  i n t o  photon 
di s t r i  b u t i  on.
We have used the method descr ibed  by (Goodrich,  53) f o r  th e  
conve rs ion  o f  photon spectrum i n t o  pu lse  he igh t  d i s t r i b u t i o n ,  hence, i t  
w i l l  no t  be d iscussed here.  To conve r t  the observed p u ls e  h e ig h t  
d i s t r i b u t i o n  i n t o  photon d i s t r i b u t i o n  the f o l l o w i n g  procedure was 
adopted.  The observed pu lse  he igh t  d i s t r i b u t i o n  was e x t r a p o la t e d  t o
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the end p o in t ,  s t a r t i n g  a t  the h ig h  energy end o f  the spectrum the 
energy sca le  was d i v id e d  i n t o  I n t e r v a l s  o f  30 kev. I t  was assumed t h a t  
the counts represented by the  area In the f i r s t  i n t e r v a l  were due to  
photons o f  energy equal t o  the mean energy o f  the I n te r v a l  de tec ted  in 
the photopeak. (Pulses r e s u l t i n g  f rom IT - rays  lo s in g  t h e i r  energy 
com p le te ly  in the  c r y s t a l  as a r e s u l t  o f  photo  e f f e c t ,  p a i r  p ro d u c t io n ,  
m u l t i p l e  Compton s c a t t e r i n g  o r  com b ina t ion  o f  these e f f e c t s  g ive  r i s e  
t o  the pho topeak. )  Th is  assumpt ion Is  j u s t i f i e d  as the re  a re  no photons 
p resen t  o f  energy g r e a te r  than the  end p o i n t  o f  the spectrum. From 
the known values o f  compton and peak e f f i c i e n c i e s  o f  the c r y s t a l  f o r  
the geometry used the number o f  coun ts  a r i s i n g  f rom these photons due 
t o  compton processes can be c a l c u l a t e d  w i t h  the app rox im a t ion  t h a t  the 
compton p a r t  o f  the c r y s t a l  response curve  has a un i fo rm  h e ig h t  f rom 
ze ro  to  the maximum energy f o r  a compton r e c o i l  e l e c t r o n ,  the  h e ig h t  
can be ad jus ted  t o  i n c lu d e  an area in  the  compton p la te au  equal t o  the 
number o f  pulses  c a l c u la t e d  above. Wherever the compton re c ta n g le s  
over lapped the nex t  i n t e r v a l ,  the t o t a l  common area was s u b t ra c te d  from 
the area o f  the I n t e r v a l  and the remainder  was taken to  rep resen t  the 
number o f  counts In the photopeak due t o  photons o f  average energy o f  
t h i s  i n t e r v a l .  By c o n t i n u in g  t h i s  process the number o f  photons detec ted  
in  the photopeak a t  the average ene rg ies  o f  the i n t e r v a l s  is  ob ta ined .  
From t h i s  the photon d i s t r i b u t i o n  can be Immedia te ly  deduced us ing  the 
known values o f  the e f f i c i e n c y  f o r  d e t e c t i o n  in  the photopeak.
The r e s u l t i n g  photon d i s t r i b u t i o n  was found t o  be q u i t e  I n s e n s i t i v e  
to  the e x t r a p o l a t i o n  used towards the h igh  energy end o f  the  spectrum, 
due t o  the f a c t  t h a t  the  number o f  photons i n  the IB spectrum f a l l s  o f f
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v e ry  s t e e p l y  towards the end p o i n t .  Changing the w id th  o f  the  i n t e r v a l  
f rom 30 kev t o  50 kev in  the above c a l c u l a t i o n s  d id  not  change 
n o t i c e a b l y  the r e s u l t i n g  photon d i s t r i b u t i o n .  In the  above c a l c u l a t i o n s  
we have used the  va lues  o f  t o t a l  and peak e f f i c i e n c y  measured and 
c a l c u la te d  by P. R. B e l l  ( B e l l ,  55 ) .  In these d e te rm in a t io n s  the  t o t a l  
a b s o rp t i o n  cross s e c t io n  f o r  Nal is  measured d i r e c t l y  by an a n t i c o i n ­
c idence arrangement.  These measured va lues  a re  then used t o  c a l c u l a t e  
the p r o b a b i l i t y  o f  a b s o rp t io n  f o r  a g iven  se t  up, y i e l d i n g  the  t o t a l  
e f f i c i e n c y .  In a separa te  exper iment  the pu lse  h e ig h t  spectrum ob ta ined  
w i t h  the  same se t  up i s  examined and the r a t i o  o f  the  pu lses  de tec ted  
in  the peak and the  compton p la te au  i s  determined and used t o  c a l c u l a t e  
the  peak e f f i c i e n c y .  Th is  e m p i r i c a l  method we b e l i e v e  i s  much s u p e r i o r  
and in v o lv e s  less  u n c e r t a i n t y  than c a l c u l a t i n g  the e f f i c i e n c y  f rom 
p h o t o e l e c t r i c  and compton oross s e c t io n s .  In c a l c u l a t i o n s  o f  t h i s  
type  one has t o  c a l c u l a t e  the p r o b a b i l i t y  o f  d e t e c t io n  in  the  peak 
r e s u l t i n g  f rom double ,  t r i p l e ,  e t c .  compton processes.  The geom e tr ica l  
c o n d i t i o n s 'u n d e r  which B e l l ' s  va lues o f  e f f i c i e n c i e s  are  determined 
are  the  same as our  exper iment  except f o r  the presence o f  the lead 
c o l l i m a t e r .  However, the c o l l i m a t e r  i s  not  expected to  e f f e c t  these 
va lu e s .  . The o n ly  change i t  w i l l  produce in the p u lse  h e ig h t  spectrum 
o f  a monochromat ic t f - r a y  i s  in  the re d u c t io n  o f  the b a c k s c a t t e r .  To 
check t h i s  f u r t h e r  we have recorded the  pu lse  h e ig h t  spec t ra  r e s u l t i n g  
from the  monochromat ic X - r a y s  f rom Cr^ l  (323 kev ) ,  (661 kev)
and Zn 5 (1116 kev) and determined the r a t i o  o f  the pu lses  d e te c te d  In 
the peak and the t o t a l  number o f  pu lses recorded.  Comparison w i t h  
B e l l ' s  va lues  i n d i c a te d  agreement w i t h i n  3%, which is
1
F igu re  2
Pu lse h e i g h t  spectrum o f  C s ^ 7  ($6) |<ev) 

























S C A T T E R
10
•  •
C O M PTO N
EDG E
•  •
J —I _____1________ I____;____I I I




s a t i s f a c t o r y .  The u n c e r t a i n t y  in  th e  va lues  o f  e f f i c i e n c y  acco rd ing  to  
B e l l  is  5%. These s pec t ra  were a l s o  used t o  check the c o n t r i b u t i o n  to  
the c o u n t in g  r a t e  f rom b a c k s c a t te r  and was found t o  be n e g l i g i b l e  as 
expected.  W i th  the co l  1Imator  the b a c k s c a t te r  i s  p r i m a r i l y  due t o  the 
p h o t o m u l t i p l i e r  i t s e l f .  The pu lse  h e ig h t  spectrum o f  C s ^  ^ - r a y . a s  
de tec ted  by ou r  arrangement  i s  g iven In F igu re  2.
To i n v e s t i g a t e  the  e f f e c t  o f  the  window w id th  and the r e s o lu t i o n  
o f  the sp e c t ro m e te r  exper iments  were performed w i t h  window w id ths  o f  
5 and 15 kev and c r y s t a l s  o f  8 .5  and 13 pe r  cent r e s o lu t i o n .  Comparison 
o f  these r e s u l t s  i n d i c a te d  t h a t  the c o r re c t io n s  due t o  these e f f e c t s  
were much s m a l l e r  than the u n c e r t a i n t y  in  the e f f i c i e n c i e s ,  hence 
n e g l i  g i b l e .
CHAPTER IV 
EXPERIMENTAL RESULTS AND DISCUSSION 
, A. P ^  |B Spectrum
In F igure  3 we have shown the  pu lse  h e ig h t  d i s t r i b u t i o n  r e s u l t i n g  . 
f rom the c a l c u l a t e d  a l lowed  IB spectrum o f  P ^  acco rd ing  t o  KUB the o ry ,  
a long w i t h  the exper imenta l  r e s u l t s .  The observed and c a l c u la te d  
d i s t r i b u t i o n s  a re  normal ized f o r  200 counts  a t  153 kev. The e x p e r i ­
mental p o i n t s  l i e  above the KUB spect rum, the d i f f e r e n c e  increases 
s lo w ly  w i t h  the energy.  At 500 kev i t  i s  k% o f  the KUB v a lue  w h i l e  a t  
1200 kev i t  is  o f  the o rde r  o f  15%. The number o f  photons in  the IB 
spectrum decreases ve ry  r a p i d l y  towards the h igh  energy end o f  the 
spectrum n e c e s s i t a t i n g  the use o f  s t ro n g  sources f o r  the ex te n s io n  o f  
measurements in  t h i s  range. The sum pu lses  r e s u l t i n g  f rom the f i n i t e  
r e s o lv i n g  t ime o f  e l e c t r o n i c s  m igh t  d i s t o r t  the measured d i s t r i b u t i o n  
a t  the h igh  energy end where the number o f  rea l  counts  is  ve ry  low.
To check t h i s  we have measured the p u ls e  h e ig h t  d i s t r i b u t i o n  a r i s i n g  
from two sources (A and B) d i f f e r i n g  in  s t r e n g th  by a f a c t o r  o f  3 
w i t h  r e s o lv i n g  t imes o f  1 and 2 / €  seconds. Among the above fo u r  
combinat ions one expects  the sum pu lse  e f f e c t  t o  be minimum in  the 
case o f  the  weak source (A) w i t h  l^ tsecond  r e s o l v i n g  t ime and maximum 
f o r  the s t ro n g  source (B) w i t h  2^*second re s o lv i n g  t im e.  Examinat ion 
o f  the data  in  F igure  3 i n d ic a te s  t h a t  the f o u r  observed d i s t r i b u t i o n s  
do not  d i f f e r  n o t i c e a b l y  f rom each o th e r ,  hence, we conc lude t h a t  the
21
22
change in  shape due t o  sum pu lses i s  beyond the  l i m i t  o f  d e t e c t i o n .
Th is  i s  f u r t h e r  suppor ted by numer ica l  e s t im a te s .  I f  the  number o f  
t r u e  counts In  the d i s t r i b u t i o n  a t  energy Ej and E2 i s  nj and n£ 
r e s p e c t i v e l y  and the r e s o l v i n g  t ime o f  the e l e c t r o n i c s  i s  ' T ,  2nj  n£ 'Y  
spu r ious  pu lses  w i l l  be added t o  th e  d i s t r i b u t i o n  a t  an energy 
(E| + E2) .  To c a l c u l a t e  the sum p u ls e  c o n t r i b u t i o n  a t  a g iven  energy 
one has t o  add such c o n t r i b u t i o n s  f rom a l l  p o s s ib le  combina t ions  o f  
e ne rg ies .  Th is  procedure  w i l l  p lac e  an upper l i m i t  t o  the sum pu lse  
c o n t r i b u t i o n .  The a c tu a l  c o n t r i b u t i o n  w i l l  be somewhat less because 
o f  the f i n i t e  r i s e  t im e o f  the p u ls e s .  Using t h i s  procedure we have 
es t im a ted  t h a t  the d e v i a t i o n  between the two extreme cases due to  t h i s  
e f f e c t  i s  about  2% a t  1000 kev, w e l l  w i t h i n  the accuracy  o f  the 
exper iment .  Comparison o f  the observed d i s t r i b u t i o n  r e s u l t i n g  f rom 
d i f f e r e n t  runs i n d ic a te s  t h a t  the da ta  i s  reproduceab le  w i t h i n  2%.
The s t a t i s t i c a l  e r r o r  is  much s m a l l e r  than the  s iz e  o f  the p o i n t s .  The 
u n c e r t a i n t y  i n  the va lue  o f  e f f i c i e n c y  used i s  less than 5%. From the 
e r r o r  i n  r e p r o d u c i b i l i t y  and the u n c e r t a i n t y  in  the e f f i c i e n c y  we con­
c lude  t h a t  the  p resen t  r e s u l t s  are  c o r r e c t  t o  w i t h i n  about  6%.
In F igu re  k we have p l o t t e d  t h e  photon d i s t r i b u t i o n  d e r ive d  from 
the observed pu lse  h e ig h t  d i s t r i b u t i o n ,  the KUB spect rum, exper imenta l  
r e s u l t s  o f  Goodr ich and Payne, and Li den and S t a r f e l t  (Li den, 55) • 
Spectra  are  norma l i zed  a t  153 kev f o r  comparison. The r e s u l t s  repor ted  
by Goodrich and Payne were ob ta ined  us ing  a 1 ^ " - d iam e te r  i "  long 
c r y s t a l ,  hence the c o r r e c t i o n  f a c t o r s  a re  somewhat l a r g e r  compared t o  
the p resen t  expe r im en t .  The p r i n c i p l e  u n c e r t a i n t y  in  t h e i r  exper iment  
was in  the va lues  o f  e f f i c i e n c y  wh ich was o f  the o rd e r  o f  10%. The
F igu re  3
Pulse h e ig h t  d i s t r i b u t i o n  o f  IB. Standard e r r o r  from 
coun t ing  s t a t i s t i c s  i s  less than the  s i z e  o f  the p o in t s .
The s o l i d  cu rve  is t h e  d i s t r i b u t i o n  r e s u l t i n g  from'KUB 
a l low ed  spect rum.  The observed and c a l c u la te d  d i s t r i b u t i o n s  
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i n t e r n a l  b remss t rah lung  spectrum. The observed photon 
spectrum i s  an average o f  severa l  measurements. The s o l i d  
curve rep resen ts  the t h e o r e t i c a l  a l low ed  KUB spectrum. The 
dashed cu rve  i s  the Coulomb c o r re c te d  spectrum acco rd ing  to  
Ford and Lewis.  The repo r ted  r e s u l t s  o f  LI den and S t a r f e l t ,  
and Goodrich and Payne are  a l s o  in d i c a te d .  A l l  spec t ra  have 
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presen t  exper iment  i s  more r e l i a b l e  because o f  b e t t e r  va lues  o f  
e f f i c i e n c y  a v a i l a b l e  f o r  the l a r g e r  c r y s t a l  and b e t t e r  c o u n t in g  
s t a t i s t i c s .  In v iew o f  the accuracy  o f  10.5% c la im ed by them and the 
accuracy o f  6% f o r  the p resen t  exper iment  the  d isc rep ancy  between t h e i r  
data and the p re s e n t "d a ta  i s  no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  Concerning 
Li den and S t a r f e l t ' s  r e s u l t s  we n o t i c e  t h a t  the  disagreement  i s  s i g n i ­
f i c a n t  o n l y  a t  the h igh  energy end, and is  o f  the o rd e r  o f  k0% a t  
1000 kev. I t  i s  wor th  n o t i c i n g  t h a t  they have used a r a t h e r  smal l  
c r y s t a l  1.5 X 1.5 cm mounted in  the m idd le  o f  a 2 "  d iam e te r  pho to ­
m u l t i p l i e r  (6292).  Accord ing  t o  t h e i r  geometry a number o f  photons a re  
backsca t te red  from the p h o t o m u l t i p l i e r  window, and the m a te r i a l  
immedia te ly  below the p h o t o m u l t i p l i e r .  In ou r  exper iment  the m a te r i a l  
below the p h o t o m u l t i p l i e r  was kept  a t  a minimum and c o n s is te d  o n l y  o f  
the p h o t o m u l t i p l i e r  base and i t s  sup p o r t .  The c y l i n d r i c a l  ho le  in 
t h e i r  lead c o l l i m a t o r  was a l l o w in g  a w ider  beam o f  J f- rays beyond the 
beta s topper  and o n ly  a p a r t  o f  these Jf-rays were s t r i k i n g  the  c r y s t a l .  
By a l i g n i n g  the source,  c o n ic a l  ho le  in  the c o l l i m a t o r  and the  c r y s t a l  
c a r e f u l l y  we have r e s t r i c t e d  the  w id th  o f  the  beam t o  the s i z e  o f  the 
c r y s ta l  wh ich m in im izes  s c a t t e r i n g  f rom the c o l l i m a t o r  ho le  and the 
p h o t o m u l t i p l i e r  window. An exam ina t ion  o f  F igu re  2 c on f i rm s  the absence 
o f  a p p re c ia b le  b a c k s c a t t e r .  The la rg e  area sources they have used and 
smal l source t o  c r y s t a l  d i s ta n c e  w i l l  a l s o  make s c a t t e r i n g  f rom in s id e  
the c o l l i m a t o r  ho le  s i g n i f i c a n t .  Due t o  the smal l  s i z e  o f  t h e i r  c r y s t a l  
the convers ion  f a c t o r  f rom photon d i s t r i b u t i o n  t o  p u ls e  h e ig h t  d i s t r i ­
b u t io n  o r  v i c e  versa Is as la rg e  as k0% and u n c e r t a i n t i e s  in  the  va lues 
o f  e f f i c i e n c y  are  more s i g n i f i c a n t .  We b e l i e v e  t h a t  the Oak Ridge
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va lues  o f  e f f i c i e n c i e s  rechecked in t h i s  l a b o r a t o r y  are more r e l i a b l e .  
F i n a l l y  t h e re  is  a s t ron g  p o s s i b i l i t y  t h a t  t h e i r  source has a Jf -ray  
e m i t t i n g  Im p u r i t y .
Using a magnet ic f i e l d  t o  p reven t  the beta p a r t i c l e  f rom s t r i k i n g  
the d e te c to r  L a n g e v in - J o l1o t  (L a n g e v in -J o l i  o t ,  51) has repo r ted  an 
exper iment  on the  P^2 IB. Th is  aga in  is  an a b s o lu te  exper iment  but  
her r e s u l t s  do no t  agree w i t h  a l l  the  p r e v io u s l y  repo r te d  measurements 
even a t  the low energy end. As an example a t  153 kev she observes 
150% more photons than p r e d i c t e d  by the KUB theo ry  and p r e v i o u s l y  
repo r te d  measurements. A t  1000 kev the excess observed by her  i s  o f  
the o rde r  o f  85%. I f  her  r e s u l t s  a re  p l o t t e d  in  F igu re  k and norma­
l i z e d  a t  153 kev, her data w i l l  l i e  below the th e o ry ,  i n d i c a t i n g  a 
ve ry  s h a rp ly  f a l l i n g  spectrum f o r  IB.  Me b e l i e v e  t h a t  EB a re  a f f e c t i n g  
her r e s u l t s  as the re  i s  too  much m a te r i a l  su r round ing  her  source,  and 
the  p h o t o m u l t i p l i e r  i s  a f f e c te d  by the  magnet ic  f i e l d .
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In the same f i g u r e  we have p l o t t e d  the  Coulomb c o r re c te d  IB 
spectrum acco rd ing  t o  recen t  c a l c u l a t i o n s  o f  Lewis and Ford (Ford,  57 ) .  
These c a l c u l a t i o n s  i n d i c a t e  t h a t  the  number o f  IB photons i s  increased 
when the Coulomb f i e l d  o f  the nuc leus  i s  in t rodu c ed  as an a d d i t i o n a l  
p e r t u r b a t i o n  in  the KUB th e o ry .  For P^2 a t  1022 kev t h i s  excess Is 
about  15% and i s  about the same as the  one observed in  the p resen t  
exper iment .  The very  good agreement between our  r e s u l t s  and these 
c a l c u l a t i o n s  in d i c a te s  t h a t  a f i r s t  o rde r  Coulomb c o r r e c t i o n  t o  KUB 
theo ry  i s  adequate to  d e s c r ib e  the IB spectrum in  the  case o f  an a l lowed
t' \
t r a n s i t i o n .
Very r e c e n t l y  Persson and Johansen (Persson, 59) have repo r ted  a 
new d e te rm in a t io n  o f  the P ^  IB spectrum. I t  was measured w i t h  a 
d i f f e r e n t  arrangement than the usual one us ing  co inc idences  between the 
beta p a r t i c l e  and the IB photon pu lses .  Only the IB pu lses  in  c o in ­
cidence w i t h  a beta ray pu lse  were recorded. T h e i r  r e s u l t s  are,  in 
ve ry  good agreement w i th  the p resen t  exper iment  and lend suppo r t  to  
our conc lus ion  t h a t  a f i r s t  o rd e r  Coulomb c o r r e c t i o n  t o  KUB theo ry  
adequate ly  e x p la in s  the a v a i l a b l e  data on IB spectrum o f  P h e n c e  
the nuc lea r  r a d i a t i o n  f rom t h i s  i isotope i s  n e g l i g i b l e .
B. Y*^ IB Spectrum 
P r e l im in a ry  r e s u l t s  on were repor ted  p r e v i o u s l y  (Hakeem, 56 ) .  
More,data was ob ta ined  l a t e r  which is  inc luded in  the f o l l o w i n g  
di scuss ion .
The d i s t r i b u t i o n  o f  Y^O IB 's  i s  in d ic a te d  in  F igure  5. The
r e s u l t s  are  the average o f  severa l  measurements. The observed spectrum
is  less steep than the KUB spectrum f o r  f i r s t  f o rb id d e n  t r a n s i t i o n
w i t h  tenso r  I n t e r a c t i o n .  The spec t ra  are  normal ized a t  153 kev. The
exper imenta l  p o i n t s  s t a r t  d e v i a t i n g  a p p re c ia b ly  around 300 kev. At
500, 1000, 1500 and 1900 kev r e s p e c t i v e l y  the d e v i a t i o n  is  25 , 55, 75
and 80 per  cent  o f  the KUB v a lu e .  As po in ted  ou t  in  the i n t r o d u c t i o n
the KUB spectrum is  c a l c u la te d  under Born app rox im a t ion  and n e g le c t in g
the e f f e c t  o f  the nuc lea r  charge. Taking the f i r s t  o rd e r  Coulomb
c o r r e c t i o n  i n t o  account,  Lewis and Ford (Lewis,  57) have c a l c u la te d
the m od i f ie d  spectrum which i s  in d ic a te d  In the f i g u r e .  They c la im
t h a t  t h e i r  method o f  c a l c u l a t i o n  takes care o f  the Coulomb e f f e c t
90w i t h i n  2 o r  3 per cent  f o r  the case o f  Y • I t  i s  c l e a r  f rom the
28 '
f i g u r e  t h a t  the Coulomb e f f e c t  Is no t  capable o f  e x p la i n in g  the 
observed spectrum. To e x p la i n  t h i s  d isc repancy  Ford and Lewis (Ford,
57) in t r o d u c e  the  e f f e c t  o f  de tou r  t r a n s i t i o n s  in  which the nucleus 
f i r s t  em i ts  a photon and goes i n t o  a v i r t u a l  e x c i t e d  s t a t e  then beta 
decays o r  v i c e  ve rsa .  As expected and d iscussed a t  some leng th  
p r e v i o u s l y  they f i n d  t h a t  the de tou r  e f f e c t  is  s i g n i f i c a n t  o n l y  f o r  
f o rb id d e n  t r a n s i t i o n s .  The r e s u l t s  o f  t h e i r  c a l c u l a t i o n s  are  a l s o  
i n d ic a te d  in  the f i g u r e .
To ge t  an o v e r a l l  p i c t u r e  o f  these two e f f e c t s ,  th e  Coulomb 
e f f e c t  and de tour  e f f e c t ,  and t o  compare i t  w i t h  the observed spectrum 
we have c a l c u la te d  the r e l a t i v e  inc rease in  the number o f  photons due 
to  each e f f e c t .  For these r e s u l t s  t o  have any s i g n i f i c a n c e  one has to  
assume the KUB th e o ry  is  c o r r e c t  f o r  low e n e rg ie s .  Between 500 and 
1500 kev the Coulomb e f f e c t  g ives  5 per cen t  more photons than the 
KUB the o ry ,  w h i l e  the de tou r  e f f e c t  g ives  50 per  cent  more. The 
excess observed i s  o f  the o rd e r  o f  45 per c e n t .  In v iew o f  the 
exper imenta l  u n c e r t a i n t y  o f  6 per  cen t  and the approx im ate  na tu re  o f  
these c a l c u l a t i o n s  the agreement appears t o  be f a i r l y  reasonab le .
However, i n  the absence o f  IB c a l c u l a t i o n s  us ing  v e c t o r  and a x i a l  
v e c to r  i n t e r a c t i o n s ,  c u r r e n t l y  the most accep ted form o f  beta i n t e r a c t i o n ,  
no d e f i n i t e  remarks can be made about  the c o n t r i b u t i o n  f rom n uc lea r  
r a d i a t i o n  due t o  de tou r  t r a n s i t i o n s .
We can get an upper l i m i t  f o r  the p o s s i b l e  number o f  n uc lea r  
X’- ra y s  a t  1750 kev from the 0 + leve l  o f  Z r ^  as 2 .6  X 10® photons 
per  be ta  p a r t i c l e ,  which lends suppor t  t o  the s p in  (0) and p a r i t y  (+) 
assignment to  the f i r s t  e x c i t e d  s t a t e  o f  Z r ^  (Ford,  5 5 ) .
F igure  5
i n t e r n a l  bremsstrah lung spectrum. The c i r c l e s  rep resen t  
the average observed d i s t r i b u t i o n .  The s tandard d e v ia t i o n  due 
t o  coun t ing  s t a t i s t i c s  i s  1.6 per  cen t ,  s m a l le r  than the s ize  
o f  the c i r c l e s .  S o l id  curve rep resen ts  the KUB f i r s t  fo rb idd en  
spectrum. Long dashed curve i s  the Coulomb c o r re c te d  spectrum 
acco rd ing  to  Ford and Lewis.  The s h o r t  dashed curve i s  the 
photon d i s t r i b u t i o n  i n c lu d in g  the de tou r  e f f e c t s  c a l c u la te d  
by Ford and Lewis.  A l l  spec t ra  have been normal ized t o  ICr* 
a t  153 kev.
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In c o n c lu s io n  we would l i k e  t o  remark t h a t  f u r t h e r  I n v e s t i g a t i o n  
o f  IB f rom h igh  Z n uc le i  and from fo rb id d e n  beta  t r a n s i t i o n s  is  
d e s i r e a b le ,  t o  check the v a l i d i t y  o f  Coulomb e f f e c t  c a l c u l a t i o n  and 
the c o n t r i b u t i o n  o f  de tou r  e f f e c t  in  f o rb id d e n  beta t r a n s i t i o n s .
T h e o r e t i c a l l y  an i n v e s t i g a t i o n  o f  the e f f e c t  o f  v e c t o r  and a x i a l  
v e c t o r  i n t e r a c t i o n s o n  the IB spectrum in  a l low ed  and fo rb id d e n  
t r a n s i t i o n s  i s  a d v i s a b le .  I t  may w e l l  be. t h a t  the disagreement o f  
our  data w i t h  the Coulomb c o r re c te d  KUB spectrum is  a r i s i n g  from 
the  use o f  tenso r  i n t e r a c t i o n  in  the c a l c u l a t i o n s  r a th e r  than the 
nu c le a r  r a d i a t i o n .  I t  may a l s o  th row some l i g h t  on the  f e a s i b i l i t y  o f  
e s t a b l i s h i n g  the  form o f  the beta i n t e r a c t i o n  from the  s tudy  o f  IB 
s p e c t r a .  In f a c t ,  t h i s  was one o f  the  m o t i v a t io n s  f o r  i n i t i a t i n g  a 
programme o f  bremsstrah lung s tu d ie s  in  t h i s  l a b o r a t o r y .
(Aston, 27) 
(A l l e n ,  59)
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